Seven organotin compounds and tin chloride were tested for their effects on the methanogenic bacteria Methanococcus thermolithotrophicus, Methanococcus deltae ALH, and Methanosarcina barkeri 227. The methanogens were strongly inhibited by triethyltin, tripropyltin, and monophenyltin compounds, generally at concentrations below 0.05 mM. Less inhibition by tributyltin and diphenyltin was observed at levels below 0.1 mM, but complete inhibition was observed at a 1 mM concentration. Tin chloride inhibited all methanogens, with nearly complete inhibition at a 1 mM concentration. There was no inhibition by tetra-n-butyltin and triphenyltin compounds even at 2 mM, the highest concentration tested. The 50 and 100% inhibitory concentrations of all compounds were estimated; these values varied with both the compound tested and the bacterium tested. The 50% inhibitory concentration estimate generally decreased (i.e., giving a higher toxicity) as the total surface area of the alkyltin molecules decreased. These results differ considerably from those reported previously for aerobic microorganisms (
Organotin compounds currently make up the bulk of industrial tin production (21) . Most of the 10,000 metric tons of tin compounds manufactured in the United States each year will ultimately reach the environment because of leaching (17, 24, 25) . Tin and organotins are toxic to a wide variety of aerobic organisms at levels present in polluted environments and thus may be ecological and safety problems. One major source of organotin contamination is the use of tributyltin as a component in paint applied to metal surfaces in marine environments, e.g., on ship hulls and piers. This slowly leaching biocide is effective at preventing or slowing metal biocorrosion and the buildup of problematic layers of microbes and marine organisms (biofouling). Triphenyltin is used in agriculture as a fungicide and is a potential toxic problem in some agricultural areas (7) ; triphenyltin is also found in some marine antifoulant paints. Thus, understanding organotin toxicity is important from an environmental perspective as well as a practical perspective: we need to know whether the organotins harm humans and other organisms of concern (e.g., shellfish), and as well we want to use a biofoulant paint or fungicide that is most toxic to the relevant organisms and least toxic to us.
Virtually all studies on organotin toxicity have been conducted with aerobic organisms, including marine animals, fungi, yeasts, and bacteria (5-7, 11, 12, 15, 19, 20) . Diand trisubstituted compounds are more toxic than mono-or tetrasubstituted compounds, and trisubstituted compounds are usually the most toxic. With these organisms, a strong correlation between an increase in toxicity and an increase in the total surface area (TSA) of the organotin molecule has been demonstrated (11) . On the basis of this work, it seems that the choice of tributyltin is appropriate for an antifoulant and corrosion-preventing agent, although it may also be dangerous to humans and the marine environment.
However, in biofilms, the environment is largely anaero-* Corresponding author.
bic even with only a thin film established. A variety of bacteria play roles in the organic degradatitrn processes and biocorrosion that can occur in such biofilms. The microorganisms include the obligately anaerobic methanogenic bacteria, sulfate reducers, and acetogenic bacteria, some of which have been demonstrated to oxidize iron and aluminum (by the consumption of low levels of H2 produced by the metals) and thus could be contributors to corrosion (2, 10, 23) . These bacteria should also be targets of biocides used to control biofouling and biocorrosion, but until recently, the inhibitory effects of tributyltin and other organotins on these bacteria were unknown. Recent work (3) on methyltins and butyltins as inhibitors of these bacteria has surprisingly revealed that the TSA relationship observed with aerobes might not hold for anaerobes.
In this paper, we examine effects of a variety of organotins, covering a wide range of TSA, and conclude that methanogens respond quite differently than do all the aerobes examined previously; they tend to be inhibited more by compounds with lower molecular TSAs, and tributyltin is a relatively ineffective inhibitor.
MATERIALS AND METHODS
Organisms. Methanococcus deltae ALH (8) liter): K2HPO4, 7.0; KH2PO4, 3.0; MgSO4, 0.1; NaCl, 0.1; NH4SO4, 0.25; peptone, 0.50; succinate (sodium salt), 0.2; yeast extract, 0.1; and glucose, 1.0; pH was adjusted to 7.0. For E. coli under anaerobic conditions, argon was used in the gas phase. The effect of organotin compounds on the growth of bacteria was examined in anaerobic culture tubes (no. 2048-00150; Bellco Glass, Vineland, N.J.) containing 5 ml of medium. The organotin compounds were dissolved in sterile 95% ethanol and made anaerobic aseptically by vacuum and gassing with argon as described previously (9) . Organotin concentrations were adjusted so that a maximum of 0.02 ml of 95% ethanol was added per tube, resulting in a final ethanol concentration of 57 mM. All cultures were incubated with the tubes horizontal in a gyratory shaker at 150 rpm with a stroke length of ca. 1.5 cm. Culture turbidity was read at 600 nm in a Spectronic 20 spectrophotometer (Bausch and Lomb). Methane production was measured by gas chromatography (1) . All data represent average values from duplicate tubes.
Chemicals. All organotin compounds and tin chloride were purchased from Strem Chemicals, Inc. (Newburyport, Mass.).
RESULTS AND DISCUSSION
When a variety of alkyltin compounds were examined for their effects on methanogenic bacteria, it was found that most of them inhibited growth. Figure 1 shows the effect of increasing levels of triethyltin on the growth of Methanococcus deltae; control cultures with ethanol but no alkyltin were unaffected by the low level of alcohol (57 mM final culture concentration) that would arise from the addition of soluble alkyltin in 95% ethanol. Although phenyltin is insoluble at a high concentration (> 1 mM) in water, and it created a cloudy medium at 1 mM, after a few hours of incubation, cloudiness decreased (because of an unknown mechanism), and growth could be monitored reasonably well by absorb- ance; at the lower concentrations examined, no cloudiness was observed.
Using growth data similar to those in Fig. 1 , we constructed plots of percent maximal growth versus the inhibitor concentration. Figure 2 is an example of this analysis of data; the effect of diphenyltin on two methanogens is illustrated. From these plots, we estimated the concentration of organotin that led to 50% inhibition (IC50) and the concentration that resulted in near 100% inhibition (less than 1% of maximal activity), which we call the IC1oo (analysis by semilog plots resulted in the same IC50 results, but no ICioo values could be calculated by the semilog method; thus, we chose the arithmetic method). The IC50s and IC1ims for the three methanogens examined are shown in Table 1 . The toxicity pattern was especially similar for Methanococcus deltae and Methanococcus thermolithotrophicus, but although its pattern was also similar, Methanosarcina barkeri tolerated higher concentrations in some cases.
The most toxic organotins were phenyltin, tripropyltin, and triethyltin, whereas triphenyltin and tetrabutyltin were completely noninhibitory at the concentrations tested, and the most commonly used antifoulant biocide, tributyltin, was inhibitory only at very high concentrations. Our collection of compounds included a series of phenyltins; phenyltin, diphenyltin, and triphenyltin decreased in toxicity as the number of organic substituents increased; this also reflects an increase in TSA as discussed by Eng et al. and Laughlin et al. (11, 14) . Tin chloride was not very toxic to any of the three methanogens studied, with an IC50 around 0.5 mM. This result can be compared to those from the work of Hallas and Cooney, where the number of counted CFU decreased to 45% of those of the control when 0.42 mM tin chloride was present in agar medium plated with Chesapeake Bay sediment samples (12 (11, 14) , where there was an opposite correlation, i.e., that toxicity increases with an increase in TSA; for comparison, we show a representative plot in Fig. 4C of data from Laughlin et al. (14) collected concerning di-and triorganotin effects on the mud crab Rhithropanopeus harrisii, which is an aerobic eukaryote.
We then examined the effects of the organotins on E. coli, a facultative aerobe never previously examined by others under both aerobic and anaerobic conditions. As shown in Fig. 4A and B, the pattern of organotin inhibition under both aerobic and anaerobic conditions was distinct from that seen in methanogens and much more similar to the data reported by Eng et al. (11) and Laughlin et al. (14) ; the statistics of the correlation are good, with r = -0.92 to -0.95. When sulfide was included in the medium, the toxicity pattern was not significantly different (data not shown).
Thus, it appears that TSA, which is thought to be a good approximation of molecular hydrophobicity (11), is not a uniformly applicable property to use in predicting organotin toxicity to organisms. In particular, the methanogens discussed here and several anaerobes investigated by triphenyltin were most toxic and methyltins least toxic for yeasts. The reasons for these differences are unclear. Others have suggested that a higher TSA results in a higher hydrophobicity, which makes entry by partitioning into the cell via the membrane easier (18); however, our data argue that this is not the only factor leading to toxicity. The environment in our experiments differs greatly from those in the previous aerobic studies, since our work is with strict anaerobes in a reduced, sulfide-containing medium; this could play a role in the toxicity phenomena. However, when we added sulfide to the E. coli experiment, organotin toxicity remained similar to that in cultures without sulfide. A more complete explanation of the results must await a description of the molecular mechanism of organotin toxicity, which is currently lacking. Tributyltin, and to a lesser extent triphenyltin, is the currently used biocide in anticorrosion and antifoulant paints (5, 7, 17, 24, 25) ; in general, these paints are highly effective in both capacities, but there is growing environmental concern over the release of tributyltin into the environment. Our work suggests that for several groups of anaerobes thought to be involved in biocorrosion, tributyltin and triphenyltin are relatively ineffective as inhibitors. In making anticorrosion and antifoulant paints, the rate of organotin leaching into the biofilm and environment must be slow if the effectiveness of the paint is to last; thus, the more soluble trimethyltins and triethyltins are not good targets for alternate organotins since they may be rapidly lost into the water, although they are very effective at inhibiting the anaerobes we examined and are relatively nontoxic to aerobes and eukaryotes examined by others. However, a mixture with or without tributyltin, including selected other organotins such as phenyltin and tripropyltin, may be worth investigating for both efficacy and lower toxicity to marine organisms and humans. As well put by Cooney and Wuertz (7), we need to understand many aspects of the microbiology of organotins "if we are to develop . . . [their] . . . potential for agricultural and industrial uses, and manage those uses in ways which will not damage our environment seriously." 
